Abstract-Transverse optical modes for an RF excited Ar-He-Xe laser are studied both experimentally and theoretically. A diffraction model for a waveguide with a nonsaturable gain and refractive index gradients placed between two plane mirrors is formulated. The effects of gain and diffraction index gradients and of diffraction in free space are evaluated for typical experimental conditions. A direct comparison between theoretical mode patterns and experimentally measured ones at distances of 17 and 114 cm from the output mirror demonstrated a satisfactory agreement for various laser wavelengths and gas mixture compositions.
Transverse Optical Mode Patterns for anI. INTRODUCTION
T HE RECENT development of the RF-excited Ar-He-Xe laser has resulted in a substantial increase of the CW output power from relatively compact devices [1] , [2] (watts compared to milliwatts of laser output power for dc excited systems). An output power of more than 5 W and an increase of the operational spectral range has been reported [3] , [4] . This has opened new fields of applications for such a laser. One of the most promising applications seems to be the development of an eye-safe 2-m LIDAR based on this system.
In [5] , it was shown that the small-signal gain profile for the RF excited Ar-He-Xe laser is strongly inhomogeneous in the direction transverse to the electrodes and has two maxima in the vicinity of the electrodes. This experimental fact can be explained from the point of view of general RF discharge properties. In an RF discharge, a high electric field gradient exists in the vicinity of the electrodes (see, for instance, [6] ). Here high energy electrons are formed. It is well known that one of the necessary conditions for efficient operation of the atomic Xe laser is the presence of such high-energy electrons.
The low electron density in this discharge region is also favorable for the inversion of the laser levels because it is known that a high density of low-energy electrons (as in the case of the dc-excited Xe laser or RF bulk plasma) leads to the electron collisional mixing of laser levels and subsequently decreases the inversion. The inhomogeneity of the RF discharge parameters thus leads to the inhomogeneity of the gain profile.
The excess energy from the excited region should be removed by heat conduction to the walls, resulting in gas temperature and refractive index gradients. The refractive index gradient may strongly influence the waveguide mode shape and losses and the laser beam quality, which is an important parameter for applications [7] . This effect was taken into account in a model for the Ar-He-Xe laser [8] . On the other hand, the mirrors of the resonator are placed as a rule at some distance from the waveguide ends. Therefore, the actual cavity mode is generally formed as a result of a combination of free-space diffraction, reflection from mirrors, and waveguide propagation.
Our purpose is to incorporate in the model correctly all of the above-mentioned factors and to compare the predicted mode patterns with the experimentally measured ones. Recently, the transverse mode properties of an unstable cavity He-Xe laser have been described [9] .
II. EXPERIMENT
The spatial structure of the Ar-He-Xe laser output was studied with the experimental setup described below (see Fig. 1 ). A capacitively coupled transverse RF gas discharge with an excitation frequency of 109 MHz was used for laser pumping. An RF amplifier {1} with a maximum output power of 1 kW was connected through a -type matching circuit {2} to the laser head {3}. The discharge inside the laser head was confined within a slab waveguide formed by two water-cooled electrodes each 15 mm wide and 370 mm long. The interelectrode distance was 2 mm. Dielectric side-walls were used. The resonator consisted of two flat mirrors: a goldcoated total reflecting mirror {4} and an outcoupling mirror {5} with 40% reflectivity. The distance between mirrors was 390 mm, while the distance from each mirror to the end of the waveguide was 10 mm. For the intensity profile registration, a SPIRICON array {6} (model LP 128-22-BaF ) together with a beam chopper {7} were used. The array consisted of 128 pyroelectric elements, each 0.2 mm in size. The distance between the output mirror and the array was varied along the optical axis from 17 to 114 cm without realigning. To control the laser output power, a broad-band power/energy meter {8} (Melles-Griot) was used. It was possible to measure the output power for each particular line present in the laser oscillation 0018-9197/99$10.00 © 1999 IEEE spectrum. To select the desired laser line narrow band spectral filters {9} were used. These filters were also used in the laser beam profile measurements. The signal from the array was registered with a digital oscilloscope {10} and stored in the memory of a PC {11}. Homemade data acquisition software written in LabView was used for data acquisition and processing.
The measurements were done for two laser gas mixtures. The optimized gas mixture (Ar : He : Xe = 59.5 : 40 : 0.5, mixture 1) produced the highest laser output of 1.7 W on the 2.03-mm and 2.65-m laser lines. To evaluate experimentally the effect of the refractive index gradient on the output intensity profiles within the waveguide, a helium rich mixture (Ar : He : Xe 9.5 : 90 : 0.5, mixture 2) with much smaller index variations was also studied. This mixture delivered a maximum laser output of 0.3 W with the 2.03-, 2.65-, and 3.51-m lines present in the laser output spectrum.
In both cases, the gas pressure was 150 mbar and the input power was 350 W. It should be mentioned that the observed structure of the output laser beam was almost insensitive to the RF input power even when the laser power changed substantially. The spectral resolution of the bandpass filters was not high enough to distinguish between the 2.63-and 2.65-m lines; however, it is known from our previous experiments that the 2.65-m line dominates [10] .
III. NUMERICAL METHODOLOGY
A two-dimensional (2-D) numerical code for the slab geometry was developed. The propagation of the field was in the direction. In the direction, a narrow spacing (2 mm in our experiments) was assumed. The mode pattern in the lateral direction (15 mm in our experiments) was assumed to be fixed.
The intracavity radiation field is described by a complex scalar field of the form (1) where is the frequency and is the decay rate. In the free space regions, the slowly varying envelopes satisfy the parabolic equation (2) where /c. The schematics diagram of the resonator containing a waveguide with an active medium, two mirrors, and two free-space regions is shown in Fig. 2 .
The propagation of the field in the resonator was described by a round-trip propagation operator . Operator was a combination of several operators each calculated separately: describes the reflection from mirror 2, is the freespace propagation from mirror 2 to the waveguide, is the propagation in the waveguide, is the free-space propagation from the waveguide to mirror 1, is the reflection from mirror 1, is the free-space propagation to the waveguide, is the propagation in the waveguide, and describes the free-space propagation from the waveguide to mirror 2.
On mirrors 1 and 2, the electric field satisfies the boundary conditions and (3) where mod and is the position of mirror 1 (assumed to be totally reflecting), the second mirror 2 is positioned at , and is the reflectance of the output mirror 2.
The coupling of the radiation from free space to the waveguide was calculated numerically by projection of the input wave field into the eigenmodes of the waveguide.
The propagation of the field within the waveguide was calculated using a split-operator technique taking spatial steps separately for the empty waveguide propagation and refraction-gain processes. The total length of the waveguide was divided into equal spatial layers, each with a thickness . In our case, . The empty-waveguide propagation from to was calculated in three steps. First, a waveguide-mode expansion of the input field was made (4) where is the amplitude of the forward or backward wave and is the empty-waveguide mode. The function may be approximated with good accuracy by metallic waveguide functions (sine-functions).
Then the expansion coefficients in the output plane were calculated (5) where is the propagation constant of the th mode. The propagation constants were calculated from [11] (6) with for TE modes and for TM modes and ( is the half-width of the waveguide). The index of the wall material is .
In our case, the decay coefficients are very small. For a typical case, where is the length of the waveguide.
Subsequently, the field was calculated using (4). The refraction and gain processes in each spatial step were introduced by (7) where is the refractive index and is the gain coefficient of the active medium.
In our calculation, and are taken as independent of the laser radiation intensity. The problem is formulated as a linear eigenproblem for the field on the second mirror with and (8) where is the round-trip propagation operator. All eigenvalues, the decay rate , and phase shift for a round trip mod are taken from (2)- (7). The composition of all these eigenvalues yield the complex eigenvalue . The eigenproblem (8) was solved numerically by a method developed by Krylov (its description can be found in [12] , for example). The free-space propagation was calculated using a complex fast Fourier transform (FFT) algorithm. The modal expansion (4) in the waveguide was evaluated using a sine-FFT algorithm. One hundred twenty-eight modes were involved in the expansion.
To compare the theoretical results with the experimental data measured at distances of 17 and 114 cm from the outcoupling mirror, the mode intensity distribution was calculated in planes positioned at distances of 17 and 114 cm from the output mirror.
Therefore, the experimental values of the refractive index and gain distribution were put into the numerical model. The refractive index profile can be calculated easily provided that the electric discharge power density is known as a function of the transverse coordinate. For simplicity, it was assumed that the discharge power density was constant. Then, the refractive index can be easily calculated knowing the electrode temperature and gas pressure and composition. Evidently, there is a minimum at the center of the discharge and a maximum at the walls.
The gain profile in the calculations was found to be symmetric and resembled the measured small-signal gain distribution [5] (see Fig. 3 ). Two sets of experimental points are shown for conditions close to those realized in the present experiments. The observed scatter in the data illustrates the fluctuations in our experimental measurements. In theory, the gain profile was taken as a symmetric one because there is no reason for any asymmetry in the experiments, since the measurements of the gain and mode pattern were done with different devices.
IV. RESULTS OF THE NUMERICAL SIMULATIONS

A. Infinite Ideal Resonator
As was mentioned above, the resulting cavity mode pattern depends on the inhomogeneity of the refractive index and laser gain, on the diffraction in free space, and on the coupling into the waveguide. To illustrate the role of each of these factors, let us present the calculated evolution of the simplest cavity modes starting from an empty waveguide with an infinite length. All calculations were performed for m. In Fig. 4 , the near-field mode intensity profiles are shown in columns 1 and 3 and the far-field distributions in columns 2 and 4. The angle in the far field is scaled by . The lowest loss even-mode patterns are displayed in columns 1 and 2 and for the odd mode in columns 3 and 4. The modulus of the eigenvalue characterizing the cavity losses is shown as a caption in the picture of each mode for the near-field pattern. Note that the cavity round-trip loss, assuming ideal reflectors, is equal to ( ). The first three rows in Fig. 4 show the field distributions for infinite waveguides (an equivalent configuration is a cavity with mirrors placed close to the waveguide end facets). The results for an ideal or empty waveguide are shown in row 1; row 2 shows the results for a waveguide filled with a laser mixture with a high He content (90%). In row 3, the laser mixture contains 40% He and 60% Ar. The gases are heated in the discharge resulting in a close-to-parabolic refractive index profile. Due to the low refractive index increment for He and the higher thermal conductivity of the gas mixture with 90% He, the effect of mode distortion by refraction is much stronger for the 40% He mixture, as can be seen in row 3. It is seen that the near-field mode pattern distortion by the nonuniform refraction is quite strong (this effect was evaluated earlier in [8] ). It is worth noting that, in row 3, the near-field intensity profiles and the eigennumbers are practically the same for the even and odd modes. This is explained by the formation of two local waveguides between the walls and low refractive index region in the center. Each of these local waveguides has a set of localized waveguide modes. In fact, these waveguides are coupled by the evanescent waves. Estimates show that, for the mixture with 40% He, this coupling is very weak. It means that any small perturbation may disturb the coherence between the two beams and result in independent lasing in each local waveguide. The far-field distribution plots also show a very strong distortion of the waveguide mode pattern for the 40% He mixture. In an infinite waveguide, losses are due only to the leakage of the waves into the waveguide walls. One can see from the first three rows that these losses grow with increasing refraction gradient; however, their magnitude remains very low.
B. Resonator with Empty Space
A further evolution of the mode intensity patterns in rows 4 (90% He) and 5 (40% He) shows the influence of the free spaces between the waveguide ends and the mirrors (see Fig. 2 ). The refractive index profiles were kept the same as for the infinite waveguide. Generally, this influence may be thought of as some mixing of waveguide modes owing to diffraction in free space. In the near field, this results in the formation of ripples in the intensity distribution. However, for the odd mode, the amplitudes of these ripples are comparable with the main peaks, and, as a result, the far-field distribution for this mode for the 40% He mixture becomes much broader than for the infinite waveguide. Note that losses associated with waveguide coupling also grow with the increase of the refraction index, approaching 5% for the odd mode.
The figures in the last row in Fig. 4 correspond to the same conditions as in row 5 (i.e., the 40% He mixture was considered), but now a nonuniform nonsaturable laser gain is added. The gain profile used was similar to the one shown in Fig. 3 with the maximum at the wall m . However, the ratio of the maximum to minimum value was set equal to 20. It is interesting to note that the addition of gain leads to some smoothing of the mode patterns, with the odd modes becoming similar to the modes of the infinite waveguide (compare with row 3 on the right side). In a cavity with an active medium, the magnitude of the eigenvalue reflects both the cavity losses and gain. Therefore, in row 6, it is scaled by a maximum magnitude possessed by the even mode. Table I are presented the eigenfrequencies of the transverse modes in megahertz, modal gain , waveguide coupling loss , and waveguide wall absorption . The following relationship between these quantities holds: (9) where is the modal loss for waveguide coupling and leakage into the walls, is the output mirror reflectance, and cm is the waveguide length. The width of the mode intensity distributions was calculated to be limited to 4 mm at 17 cm and to 16 mm at 114 cm. The percentage of the laser beam flux falling within these intervals is shown in the figure captions of the second and third row. Except for the far-field (114 cm) pattern for mode #3, the fraction of the flux falling within the selected intervals is high enough to provide meaningful results. It is seen from Table I that the first two modes are strongly discriminated against all others because the modal gain is higher, and the losses and are much smaller for these two modes. This means that only two modes (the first is odd and the second even) have the possibility to participate in lasing and to compete for gain. The most important factor is a good overlap of the mode intensity and gain profile.
C. The Effects of Gain and Refraction Index Inhomogeneity
Our model allows us to calculate the evolution of the field distribution along the propagation axis. Diffraction in free space is the reason for the difference between the waveguide modes and cavity modes. A cavity mode within the waveguide can be represented by a series expansion over the waveguide modes. During propagation, the phase differences between the waveguide modes grow proportionally due to their respective differences between propagation constants. Therefore, one may expect that the cavity-mode intensity is not constant along the axis. This effect is illustrated in Fig. 6 for five even cavity modes calculated for a configuration where a waveguide with a length of 37 cm is placed close to the first mirror while the second mirror is placed at 2 cm from the other waveguide end. For these calculations performed for m, a laser gas mixture with 90% He was assumed. Further, a resonator with no gain and mirror losses was considered. In the upper row, the mode intensity is shown at the position of the first mirror attached to the waveguide end. The second row shows the mode intensity at the waveguide exit on the other side. The third row shows the wave phase distribution at the same waveguide exit. As one compares the intensity profiles in the upper and middle rows, a strong variation is seen. This demonstrates that the waveguide modes can not serve as a satisfactory approximation to the established cavity modes. In general, it is known that the phase of the wave field for the waveguide modes is a step-wise function with step differentials equal to . In contrast, row 3 shows that the cavity mode at the waveguide exit has a strongly curved wave front.
Earlier papers about a cavity with an internal mirror placed inside the waveguide laser have been published [13] - [15] . An important experimental parameter is the distance from the waveguide end to the output mirror. Variation of this length usually caused a nonmonotonic change of the lowest cavity mode losses at a fixed radiation wavelength. This effect is explained by the sensitivity of the loss to the phase differences of waveguide modes gained during the propagation from the waveguide to the mirror and back. As a result, the patterns of the lowest loss modes may experience abrupt changes with variation of the distance (loss-curves-crossing phenomenon).
In this paper we introduce two new factors: the nonuniform gain and index of refraction. In Fig. 5 , it is shown that all higher order modes are strongly discriminated against in favor of two modes by the spatial gain-loss distribution. Numerical simulations performed for the same conditions as in Fig. 5 for m showed that the effect of discrimination of the first two modes against all others is true for free-space distances to the output mirror in the range 1-22 cm. The resulting dependencies of the maximum eigenvalue magnitude, modal gain coefficient, and round-trip loss for this mode with the maximum eigenvalue on the distance to the mirror are displayed in Fig. 7 . It is seen that the maximum eigenvalue magnitude is a nonmonotonic function of the distance, and, for a distance around 12 and 15 cm, a mode change took place. The even mode became the dominant one only in the interval between 12 and 14.7 cm, which means that, by an appropriate choice of the distance between the waveguide and the output mirror, single-mode lasing is anticipated. Comparing the behavior of the modal gain and loss around the points of mode hopping, one can conclude that the variation of the gain plays a more important role than that of the diffraction losses. This is explained by comparatively high values of the gain coefficient used in our calculations. In other words, the symmetry of the dominant mode depends on the shape of the gain and the refractive index profiles and the magnitude of the small-signal gain, as well. It is also interesting that, while the magnitude of the eigenvalue is a continuous function of the distance, the modal gain and loss experience a discontinuous change in the moments of mode hopping.
To illustrate the role played by the laser wavelength, Fig. 8 shows the calculated results for exactly the same conditions as in Fig. 5 except that the wavelength was set at 2.65 m. Table II presents the mode frequency, modal gain, waveguide coupling, and wall absorption losses. One can see that the odd mode has the highest gain. The discrimination between the two first modes and all higher order modes is (similar to m) sufficiently strong. It is seen that modes #4 and #5 have an anomalously high divergence. However, the difference between the mode patterns of the practically important first two modes for m and m is not as great. Special studies were performed on how the gain amplitude influences the mode pattern. Different gain profiles and gas mixtures at a gas pressure of 150 mbar were considered with refractive index gradients calculated for an input power of 350 W. It was shown numerically that the modal gain depends linearly on the maximum value of the gain coefficient , provided all other conditions are the same. It means that (10) where is a factor of proportionality. It was shown by direct simulations that this relationship holds for m . Physically, the allowable magnitude of the gain coefficient may be evaluated from the condition (11) where is the refractive index difference between the center and waveguide wall. With this condition fulfilled, the mode pattern is insensitive to the appearance of gain and may be found by calculations of diffraction equations for the cavity with a passive waveguide. The form-factor depends on the cavity mode number and on the gain profile. Its magnitude is governed by an overlap of mode intensity and gain distributions. From simple considerations of the radiation balance within the laser cavity, it is evident that the laser radiation power emitted by the active medium is equal to , where is the mode intensity and the integration is performed over the waveguide volume. From the other side, it may be expressed using the modal gain as . Taking into account that the mode pattern does not depend on gain, the factor can be found for the given gain profile from the expression (12) It is important to emphasize that the waveguide coupling losses and wall absorption losses are almost independent of the amplitude and shape of the gain distribution and can be found from the solution of the diffraction model for a passive waveguide.
In general, calculations of the characteristics of a cavity that contains an active waveguide can be performed in two stages. First, for the given cavity configuration and refractive index distribution, the optical mode patterns are calculated and the following quantities are found:
and . At the second step, a simple integration is made according to (12) for the given gain profile. The modal gain is simply calculated from the linear relationship (10) . The eigennumber can be calculated by simple algebra from (9) .
Calculations showed that, for the 90%-He mixture where the effect of refractive index gradients was remarkably weaker, transverse modes are discriminated against quite poorly. To illustrate this fact, the computed dependence of the eigennumbers for the lowest three even and three odd modes on the amplitude of the small-signal gain is displayed in Fig. 9 . Calculations were made for the 90%-He mixture for m while the other conditions were the same as for the results presented in Fig. 5 . It is seen in Fig. 9 that discrimination between modes for gain values in the vicinity of threshold is very weak. It is evident that, when the small-signal gain is above threshold, the effect of nonuniform saturation will result in simultaneous lasing of many cavity modes. This situation is completely different from that existing for the 40%-He mixture. Fig. 9 shows that one may expect simultaneous lasing of six transverse modes, while from Fig. 5 it follows that most probably only two modes or their linear combination may be involved in lasing.
V. COMPARISON WITH EXPERIMENTAL DATA
Studies in the previous section highlighted the interplay of such factors as diffraction, nonuniform gain, and refractive index for conditions close to the experimental ones. The purpose of this section is to directly compare the output radiation patterns measured experimentally at two positions 17 and 114 cm from the output mirror with the calculated patterns. The procedure we took is based on the assumption that experimental intensity profiles can be represented as a modal intensity expansion with coefficients found from the least-mean-square calculations. Looking at the results of experimental measurements (Figs. 10-14, solid lines) , some asymmetry of the distributions can be seen. Reasons for the appearance of this asymmetry are not identified. However, it is clear that an agreement between theory and experiment may be expected only when this asymmetry is neglected.
As a basis for the expansion of the far-field intensity distribution for the 90% He mixture, the first three even and three odd modes were calculated for conditions comparable to the experimental ones. The numerical coefficients were calculated by comparing the measured distribution with the sum of these six mode intensities and adjusting the coefficients to minimize the difference between both quantities. The results are presented in Figs. 10-12 for the 90% He mixture and laser wavelengths of 2.03, 2.65 and 3.51 m, respectively. The solid lines show the experimental data and the broken lines display the results of a best fit to the far-field (114 cm) distributions. Next, with the same coefficients, the distributions at a distance of 17 cm from the output mirror have been calculated. The magnitudes of the numerical coefficients found are listed in the figure captions. One can see that all the coefficients are positive which is important from the point of view of the physical meaning of these coefficients. Bearing in mind the poor pattern reproducibility in the experiments and the lack of expected symmetry, the agreement between theoretical and calculated curves may be considered satisfactory. It is also important to note that the calculated laser beam divergence turns out to be quite close to the experimental one. It is easy to determine that this divergence is approximately four, three, and two times greater than the corresponding diffraction limit for 2.03, 2.65 and 3.51 m, respectively. Having no data about the spatial distribution of the gain, the same distribution was taken as in the calculations for the 40% He mixture. Therefore, the results obtained can be considered as typical for an Ar-Xe laser with a He diluted laser gas mixture. A similar procedure was used to generate the data for the 2.65-m laser radiation in a 40% He mixture. The results are shown in Fig. 13 . It is worth noting that, for these calculations, only three modes of those presented in Fig. 8 have to be used for the approximation of the experimental data. The expansion coefficients are also positive. For m in a 40% He mixture, it is seen in Fig. 5 that the two first modes are far separated by the modal gain-loss from all higher order modes. In the near field (17 cm), these modes have almost identical intensity profiles and are not similar to the experimentally observed distribution with a single maximum (Fig. 14) . The discharge excitation asymmetry or misalignment of the cavity elements can explain the lack of symmetry observed in the experimental patterns. We are able to simulate numerically these asymmetry effects by introducing variations in the gain or refractive index profiles. Having no exact information on the nature and magnitude of the asymmetry in the laser cavity, the assumed asymmetrical gain profile was somewhat arbitrary. However, the results of our calculations have a simple interpretation in terms of two weakly coupled waveguides, as discussed above. The perturbation of symmetry is strong enough to make lasing in these waveguides independent (or incoherent). The experimental near-field pattern with one peak is evidence for a strong preference of the laser intensity in one of these waveguides. Therefore, Fig. 14 shows a comparison of the calculated dominant mode patterns at distances of 114 and 17 cm, respectively, with experimental patterns obtained at the same distances. It is seen that the experimental distributions are about two times broader than the calculated ones. To get a better agreement between the experiment and theory, in this case, further efforts are necessary.
VI. CONCLUSIONS
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